Abstract Recent studies have provided new insight into aberrations in the immunological interplay between mother and fetus and their potential role in the development of recurrent fetal loss and preeclampsia. The action of anti-phospholipid antibodies in recurrent fetal loss is now proposed to involve the complement system, neutrophil activation and the production of TNFα by immune bystander cells. A clear involvement of the immune system is emerging in preeclampsia, involving mainly the innate arm, especially neutrophils. The activation of peripheral neutrophils by placentally released inflammatory debris triggers the induction of neutrophil extracellular traps (NETs), which may lead to an occlusion of the intervillous space, thereby further promoting a condition of placental hypoxia. It has, hence, been suggested that new therapeutic strategies be developed, including the possible use of TNFα antagonists in cases of recurrent miscarriage. These strategies need to be addressed with caution due to the possible induction of fetal congenital abnormalities.
Introduction
Even though pregnancy presents an immunological riddle in that the mother does not reject her semi-allogeneic fetus [1] , few alterations of this critical balance appear to occur during pregnancy, as most pregnancies proceed to term without major complications. Disturbances in this delicate balance may, however, play an important role in serious pregnancy-related disorders, most prominently in cases with recurrent fetal loss (RFL) or preeclampsia. In this review, we will focus on a few select mechanisms and attempt to elucidate how these are implicated in the underlying aetiology of RFL or preeclampsia.
Recurrent fetal loss and preeclampsia: separate disorders or a continuum?
Recurrent fetal loss, also termed recurrent spontaneous abortion (RSA) or recurrent miscarriage, is defined by the loss of three or more consecutive pregnancies of non-viable fetuses [2, 3] . This may occur before 12 weeks of pregnancy (early loss) or post 12 weeks of gestation (late loss). Although a small number of these cases (3-5%) are caused by gross chromosomal anomalies, the causal aetiology in the vast proportion of cases is not readily evident. RFL has been shown to be associated in some cases with thrombophilia, antiphospholipid antibodies or aberrant NK cell activity [2] . These may serve to indicate that the underlying aetiology may involve some form of immune dysfunction.
Preeclampsia, a severe disorder of late pregnancy, is a major cause of maternal and fetal morbidity worldwide [4, 5] . The disorder is characterised by hypertension and oedema in a previously normotensive individual, which can also progress to eclampsia characterised by fits and convulsions, leading to neurological damage or death. Preeclampsia may frequently be complicated by the associated hemolysis, elevated liver enzymes, low platelets (HELLP) syndrome affecting the liver. No treatment exists for this enigmatic disorder other than the delivery of the fetus [4, 5] . The underlying aetiology clearly involves the placenta as most preeclampsias resolve after delivery. Placentation in preeclampsia is frequently defective in that the maternal spiral arteries fail to be effectively transformed by invasive extravillous trophoblast (EVT) from a system of pulsatile high pressure to one of constant flow low pressure. Consequently, the placenta does not receive an optimal blood supply. The maternal syndrome is characterised by systemic damage of the endovasculature, especially of the kidney, liver and brain. Several lines of evidence indicate that the placental alterations precede the clinical manifestation by a period of weeks or even months [4] [5] [6] .
Akin to RFL, it has recently been suggested that preeclampsia be divided into those cases with early onset (<34 weeks of gestation) and those with late onset (>34 weeks of gestation) [7] . In general, cases with early-onset preeclampsia are clinically more severe and usually result in the delivery of a very immature, growth-retarded fetus. Of interest is that late-onset preeclampsia frequently does not exhibit the placental changes, such an unmodified spiral arteries, characteristic of this disorder [8] .
Although RFL and preeclampsia are regarded as separate disorders, it is possible that they may be linked. The first line of evidence in support of this notion is from clinical studies in which women with a history of RFL and associated anti-phospholipid syndrome were treated with low molecular weight heparin and aspirin [2] . These drugs have been shown to ameliorate the condition, permitting a large number of such affected pregnancies to proceed to term. Of interest, however, is that a considerable proportion of those pregnancies which did proceed to term were affected by preeclampsia [2] . The second line of evidence stems from research into the possible role of oxidative stress in the development of RFL and preeclampsia [9] . These data indicate that fetal loss can occur as a result of conditions of extreme oxidative stress early in pregnancy. If these conditions of oxidative stress are not as high, then the pregnancy may progress to term, but preeclampsia will most likely develop. These two sets of data, hence, suggest that a causal link may exist between the development of RFL and preeclampsia and that preeclampsia may arise from conditions which are not severe enough to lead to outright fetal loss.
Preeclampsia: an immune disorder?
Due to the severity of the symptoms, most research on preeclampsia has focussed on factors related to hypertension and recent evidence has emerged here that an imbalance in placentally derived angiogenic factors may play a significant role in the onset of maternal symptoms [10] .
Although exciting these angiogenic factors alone cannot account for the multi-factorial nature of events which contribute to the development of this complex disorder. This is because the key placental events, such as inadequate modification of the maternal spiral arteries, which are thought to play a major role in the development of preeclampsia, precede the alterations in angiogenic factors by a period of weeks or months [4, 5] . This facet is further underscored by genetic studies which indicate that hereditary traits do exist which can predispose a pregnancy to an increased risk for developing preeclampsia. However, even though both partners or children born from preeclamptic pregnancies can play a role in the transmission of such risk factors, they appear to be mediated by a genetic component which cannot be accounted for by a single or a few genes but appear rather to be attributable to a host of genes [4, 5] .
On the other hand, several lines of evidence seem to indicate that an altered immune response may play a key role in the development of preeclampsia [11, 12] , as listed below:
1. Primiparity or primipaternity Preeclampsia frequently occurs in first pregnancies, especially in teenage pregnancies. It is, however, also seen when the woman has a new partner. Preeclampsia can be consequently viewed as either a disorder of primiparity or of primipaternity. 2. Period of cohabitation The period of cohabitation, especially the exposure to the partner's semen, even orally, appears to have a protective effect. Although it had been recorded that prolonged sexual intercourse using condoms does not provide such protection, this was most clearly illustrated in an analysis of pregnancies conceived by in vitro fertilisation in couples when the male partner was aspermic. In these cases, where the wife had never been exposed to the partner's semen, the incidence of preeclampsia was particularly high. 3. Protective effect of previous pregnancy Previous pregnancies, even fetal losses, can reduce the risk of having a preeclampsia; however, the time lapse between the previous and the subsequent pregnancy cannot be too long. 4. Change of partner Even though previous pregnancies do protect against the possibility of preeclampsia, this effect is lost with a change in partner. Under these conditions, the risk for preeclampsia is the same as for any first pregnancy. 5. Ooocyte donation Conflicting reports exist on whether pregnancies resulting from oocyte donations are more frequently affected by preeclampsia. Of note is that, in these cases, the embryo represents a completely allogeneic graft, having no genetic component from the mother. 6. Requirement of an intact T-cell-mediated immune system A study on pregnant HIV+ women has shown that HIV-1-related immune deficiency is associated with a low rate of preeclampsia. This is elevated in those cases receiving anti-retroviral therapy.
Apart from these phenomenological observations implying a role for an immune aberration [11, 12] , several lines of more concrete evidence have recently emerged. These range from observations documenting an overt activation of the maternal innate immune Springer Semin Immun (2006) 27:477-493 response in preeclampsia [13] to reduced expression of key regulatory molecules directly at the placental interface [14] .
Antiphospholipid syndrome and recurrent fetal loss High titres of antiphospholipid (aPL) antibodies occur in 30-40% of patients with a history of recurrent miscarriage [2, 3] . Although these antibodies have been shown to bind to a wide variety of membrane phospholipids (e.g. cardiolipin and phosphatidyl serine), they do not appear to bind directly to phospholipid but rather to phospholipid-binding proteins or to phospholipid/phospholipid-binding protein complexes [3, 15] . One of these proteins is beta 2 glycoprotein (β2GPI), which is localised on extravillous cytotrophoblast and syncytiotrophoblast [15, 16] . It is possible, therefore, that the function of aPL antibodies may be to disrupt the function of β2GPI. Although such antibodies have been implicated in coagulation and thrombosis, a number of studies indicated that antiphospholipid antibodies can affect trophoblast behaviour in vitro [2, 3] . These effects include inhibition of trophoblast proliferation and the diminished invasion of maternal spiral arteries [17] . The production of trophoblast-specific proteins (human chorionic gonadotropin) and adhesion molecules (α1 and α5 integrins, as well as E and VE cadherins) was also reduced [18, 19] . Certain antibodies, such as those against annexin V, were also shown to induce trophoblast apoptosis [3] . These effects have recently been confirmed by the use of placental explant cultures, where it was shown that aPL antibodies increased placental apoptosis, decreased villous trophoblast proliferation and reduced extra villous trophoblast invasion through matrigel [20] . These features were also observed in the analysis of placental sections from pregnancies which were miscarried [21] . Therefore, these reports extend previous observations that defective trophoblast proliferation and invasion is a key pathological feature in placenta of patients with antiphospholipid syndrome (APS) [2, 3] . Of considerable interest is that these effects could be attenuated in vitro by heparin and aspirin, drugs commonly used for the treatment of APS in pregnancy [22] .
The action of aPL antibodies may not be restricted to trophoblast but may also affect the endovasculature, as recent evidence indicates that these antibodies bind to activated, but not resting, endothelium [23] .
An exciting alternative to the direct action of aPL antibodies on trophoblast cells is that these actions are mediated via complement [24] . These data, obtained by injecting pregnant mice with human aPL antibodies, indicated that inhibition of complement activation prevented fetal loss and growth retardation [25] . This effect appeared to be mediated by the murine complement receptor 1-related protein y and complement component C5 [25, 26] . It also appears to require the participation of neutrophils [25, 26] . Akin to what has been observed in other systems discussed above, heparin was shown to prevent the activation of complement by aPL antibodies, thereby preventing fetal loss in a murine model system [27] .
Of considerable interest is the very recent finding that aPL antibodies appear to induce the expression of TNFα in decidual tissues [28] . This activity appears to occur downstream of complement activation. As TNFα has been shown to be very deleterious to fetal and placental tissues [29] and leads to fetal loss in pregnant mice, this could be a further explanation for the pathology of aPL antibodies in RFL. On the basis of these data, it has been suggested that anti-TNFα therapy may be useful for treating patients with RFL due to aPL antibodies [28] .
Although we do propose a link between RFL and preeclampsia, aPL may not play a role in the latter. In our own analysis, we could not find any association between aPL and incidence of preeclampsia [30] , a feature also observed by others [31] .
HLA-G and its interaction with uNK cells HLA-G was discovered in 1986 as a novel HLA class I molecule expressed on extravillous trophoblast [32] . Its distinct expression pattern in very select placental trophoblast cells led the authors to raise the question of whether this molecule could provide new insight into the immune relationship between mother and fetus [32] . In the interim, it has been shown that HLA-G differs largely from other HLA class I molecules in that it is largely monomorphic and that very few differences exist between population groups [33] [34] [35] . The structural features of HLA-G have been determined to be quite complex in that five distinct forms exist, three membrane-anchored forms and two soluble forms. While the expression of the fulllength HLA-G1 molecule seems to be restricted to invasive cytotrophoblast and thymic epithelium, the expression of the other variants, especially the soluble HLA-G5 variant, is more widespread, occurring throughout the placenta, chorionic membrane and decidua [34] .
HLA-G has been shown to possess a number of immune-suppressive or immunemodulatory activities, especially in reducing the lytic activity of NK cells [34, 35] . The activation of NK cells differs largely from that of T cells in that these cells of the innate arm of the immune system are not triggered by a specific antigen presented on either class I or class II HLA molecules [36] . In contrast, NK cells are activated when they sense the absence of HLA class I molecules. This "missing self" phenomenon is used by NK cells to recognise and kill cells which no longer correctly express their HLA repertoire, such as tumour cells or cells which have become infected by viruses. This activity is mediated via the interaction of HLA molecules with specific receptors on NK cells termed killer immunoglobulin receptors (KIRs) or immunoglobulin-like transcripts (ILTs) [36] . In general, the binding of a particular HLA class I molecule to its KIR would, therefore, down-modulate the lytic activity of the NK cell. Some KIRs, however, have been shown to lead to NK cell activation.
In this context, the expression of HLA-G by trophoblast cells is particularly interesting as, although the lack of HLA expression by the trophoblast would render these fetal cells "invisible" to maternal cytotoxic CD8 T cells, the failure to express classical class I molecules would render them susceptible to lysis by maternal NK cells [37] . As uterine NK (uNK) cells are the predominant group of leucocytes in the decidua, it was therefore proposed that HLA-G could prevent the inadvertent activation of these cells and, hence, trophoblast lysis [37] .
This scenario has turned out to be more complex than that proposed above in that uNK cells do not appear to possess any cytolytic activity, unlike their circulatory counterparts [38] . The main function of uNK indeed now seems to be the promotion of implantation and successful placentation by ensuring optimal vascularisation and modification of the maternal spiral arteries. This is proposed to occur largely via the production of cytokines such as IFN-γ [39] . Therefore, these maternal immune cells do not appear to be cytotoxic guardians ready to act against the migration of abnormal fetal cells.
A further puzzle which needs to be solved is what the receptor for HLA-G on uNK cells is exactly. The receptor for HLA-G on monocytes appears to be ILT4, while on lymphocytes ILT2 appears to be the predominant form [36, 37] . Uterine NK cells, however, express negligible levels of ILT2 or ILT4 [36, 37] (Bürk MR and Hahn S, unpublished observations).
HLA-G, however, also appears to affect the activity of other leucocytes, and in vitro experiments have indicated that highly purified HLA-G1 can induce Fas-mediated apoptosis in activated but not resting CD8+ T cells [40] . In CD4+ T helper cells, HLA-G has been noted to suppress proliferation and reduce activation by dendritic cells [41, 42] .
Although the true function of HLA-G is not clear, its highly specific expression in certain placental tissues implies that it may play a significant role in human pregnancy [34] . It is consequently no great surprise that alterations in HLA-G expression have been proposed to be involved in RFL and preeclampsia [33, 35] . In the latter, several reports now indicate that HLA-G expression is reduced in preeclamptic placentae [43] , a feature we have also observed in both the placental basal plate and septum (Fig. 1) . As these observations were made in placentae obtained at delivery, it is not certain whether this alteration in expression is a consequence of other placental changes occurring during the course of this disorder or whether it is a key initiating lesion. In addition, a number of HLA-G polymorphisms, many of which appear to affect expression levels, have been associated with the incidence of RFL [33, [44] [45] [46] [47] .
HLA-G itself may be important in implantation, as the presence of soluble HLA-G in the culture supernatant of embryos generated by IVF generally indicates that these embryos implant successfully [48] . On the other hand, in those cultures where it is missing and, hence, probably is not expressed, the embryos frequently fail to implant successfully [48] . Other interactions between trophoblast and uNK In addition to HLA-G, extravillous trophoblast (EVT) also expresses the ubiquitous HLA-C and HLA-E molecules [37] . The monomorphic HLA-E molecule functions by presenting the leader peptide of other HLA molecules. HLA-E consequently serves to indicate which other HLA molecules are being expressed by the cell. The receptor for HLA-E is the dimer CD94/ NKG2A, and this molecule is highly expressed on uNK cells [36] .
Of the three class I antigens expressed by EVT, HLA-C is the only one that exhibits a considerable degree of polymorphism [14] . As the paternal allele is expressed, this implies that a truly foreign antigen is present on EVT. As the various HLA-C forms are recognised by different members of the KIR family, it could be that preeclampsia involves such ligandreceptor interactions. The KIR members that interact with HLA-C exist as two haplotypes, A and B. The A haplotype has seven KIR loci, only one of which, KIR2DS4, is an activating receptor. In individuals who are homozygous for this haplotype (AA), this activating receptor is frequently deleted. These individuals consequently express only inhibitory receptors. The B haplotype has an additional locus which contains several activating receptors (KIR2DS1, 2, 3 and 5 and KIR3DS1). On the other hand, HLA-C allotypes consist of two groups:
1. HLA-C1, which interacts with inhibitory receptors KIR2DL2/3 and the activatory receptor KIR2DS2 2. HLA-C2, which interacts with inhibitory receptor KIR2DL1 and the activatory receptor KIR2DS1
In an analysis of KIR and HLA-C genotypes in pregnancies affected by preeclampsia and those which had uncomplicated deliveries, it was noted that preeclampsia was frequently associated with a maternal KIR AA genotype and a fetal (placental) HLA-C2 genotype [14] . This suggests that the lack of activatory KIRs on maternal uNK cells is deleterious, implying that the activation of these cells is required for successful placentation. These findings extend and confirm the hypothesis described above that uNK activity may be required for efficient vascularisation and modification of the maternal spiral arteries, features which are deficient in preeclampsia [38] .
IDO
One of the most stunning observations in the field of reproductive immunology was that made by Andrew Mellor and colleagues [49] and begged the question of whether the entire question of maternal tolerance to fetal antigens could be attributable to the rudimentary biochemical requirement for an essential amino acid. Their initial intriguing observation was made with macrophages, which were shown to induce T cell tolerance by an indirect biochemical mechanism rather than by a T-cell-receptor mediated pathway. The process was shown to be caused by the enzyme indoleamine 2,3-dioxygenase (IDO), which depleted all tryptophan in the micro-environment around the T cells, thereby preventing their activation [50] . As IDO is also expressed in human syncytiotrophoblast cells, they tested for IDO activity in murine pregnancy. In this case, they made the astounding observation that the inhibition of this enzyme by a pharmacological agent (1-methyl-DL-tryptophan) had an exceptionally strong abortive effect, leading to the loss of the entire litter when applied early during gestation [49] .
The influence of IDO in human pregnancy currently, especially in pregnancy-related complications is not clear, with a solitary report indicating reduced levels in preeclampsia [51] . It has recently been suggested that indeed an alteration in the Th1/Th2 phenotype may have a greater consequence for the maintenance of pregnancy than a reduction in IDO activity [52] .
The Th1-Th2 paradigm
The possibility of a shift in T helper subsets during pregnancy continues to remain a highly controversial hypothesis [53] . CD4 T helper 1 (Th1) cells were initially characterised by the production of interleukin 2 (IL-2), interferon γ (IFN-γ) and tumour necrosis factor α (TNFα), which would activate a cell-mediated immune response [54] . On the other hand, CD4 T helper 2 (Th2) would promote a humoral immune response by the synthesis of interleukins 4, -5 and -10 [54] . We have previously shown that Th1 T cells possess FasLmediated cytolytic activity, which is lacking in their Th2 counterparts [55, 56] . These traits are not restricted to CD4+ T cells and are also evident in CD8+ T cells, which tend to be mainly of a Th1 phenotype [57] .
As pregnancy is characterised by diminished cell-mediated immune response and a vigorous humoral response, this can be seen as evidence of a shift towards a Th2 type immune response [58] . Such a change in phenotype could be mediated by the prodigious production of Th2-promoting cytokines (IL-4, -5 and -10) by placental tissues [59] .
Furthermore, successful pregnancy outcome has been shown to be incompatible with a Th1 phenotype, as the presence of Th1 cytokines (IL-2, IFN-γ or TNFα? results in destruction of trophoblast in vitro and fetal loss in pregnant mice [29] . In humans, the presence of IFN-γ or TNFα in the placenta in the case of malarial infection during pregnancy is strongly associated with poor pregnancy outcome [60] . Recent studies with a murine model have indicated that the adoptive transfer of activated Th1 lymphocytes leads to preeclampsia-like symptoms exclusively in pregnant mice [61] . In our own analyses, we observed that there was a reduction in the activation levels, as measured by the expression of CD69, in both CD8+ and CD4+ T cells in late pregnancy (Schatt et al., in preparation). In a flow cytometrical analysis, we observed that the production of both IFNγ and IL-4 by these two T cell populations was reduced in late pregnancy. Even though the production of both IFNγ and IL-4 was reduced, in these instances, there appeared to be a slight shift towards Th2 phenotype (Schatt et al., in preparation). On the other hand, the capacity to produce IFNγ was the same in NKT cells and was enhanced in circulatory NK cells (Schatt et al., in preparation).
These various data, therefore, support the proposal that the aberrant presence of inflammatory Th1 cytokines could be deleterious for pregnancy, negatively influencing implantation and fetal development. It is also possible that a Th1 phenotype may promote the development of preeclampsia or may even, in extreme circumstances, be pro-abortive.
Innate inflammatory response in pregnancy
Pregnancy has been observed to be associated with an enhanced inflammatory response, particularly of the innate arm of the immune system, which is overt in preeclampsia [13, 62] . In their original hypothesis, Sargent et al. [63] proposed that this may be brought about by the deportation of inflammatory debris by the placenta. Due to the replenishment of the syncytiotrophoboblast, the continuous monolayer covering the entire villous tree with a surface area of several m 2 , a massive amount of material is released into the maternal circulation (in the order of several grams per day in pregnancies close to term) [64] . Although this material may be released in the form of syncytial knots, a large proportion may exist as microparticles, frequently termed syncytiotrophoblast microparticles (STBM). The release of this material in normal healthy pregnancies occurs largely by apoptosis, but in preeclampsia, it has been suggested to involve necrotic or apo-necrotic pathways [64] . In this case, the material released in preeclampsia would be more inflammatory than that deported in normal pregnancy [6, 63] .
In vitro studies have suggested that STBM prepared by mechanical dissection of placental material can activate human umbilical vein endothelial cells and can inhibit the proliferation of circulatory lymphocytes or even induce apoptosis [65, 66] in the Jurkat T cell lymphoma cell line [67] . In recent tests, we observed that the in vitro activity of STBM depends on the mode of preparation, in that those prepared largely by necrotic means exhibit the greatest effect on endothelial cell cultures, inhibiting their proliferation and inducing apoptosis [68] .
Our analysis of their activity on circulatory T lymphocytes again indicated that those produced by necrotic means (crude dissection) significantly inhibited T-cell activation, proliferation and cytokine release by activated T lymphocytes [69] . On the other hand, those produced by close to physiological conditions (placental perfusion) significantly induced T cell proliferation and even caused slight increase in IFNγ release [69] .
Our experiments also indicated that the effect of placentally released mediators is not restricted to particulate matter but also includes soluble particle-free factors. In this context, we observed that placental explant cultures release prodigious quantities of the highly inflammatory IL-1, which can contribute to endothelial cell dysfunction in preeclampsia [70] . We also observed that these supernatants can significantly inhibit T lymphocyte responsiveness, indicating that other, as yet uncharacterised, immune-modulatory molecules are produced by the placenta [71] .
Neutrophil extracellular traps
The activation of circulatory polymorphonuclear neutrophils has been proposed to be a major contributor to the enhanced inflammatory response observed in pregnancy, and their overt activation, resulting in the release of superoxide radicals, has been suggested to contribute to endothelial damage in preeclampsia [72] . The activation of these neutrophils has been proposed to be mediated via the presence of STBM in normal pregnancy and their elevated release in preeclampsia. For this reason, we were very interested in a recent report indicating that inflammatory signals, such as that mediated by IL-8 or bacteria, can trigger neutrophils to generate extracellular DNA-containing fibrous lattices, termed neutrophil extracellular traps (NETs) [73] . This report indicated that these NETs may have bactericidal activity in that they can ensnare and kill bacteria [73] .
We were also intrigued by this observation because a large portion of our previous research focused on the increased presence of cell-free DNA in preeclampsia [6, 74] . We consequently set out to determine whether a link existed between these two phenomena. For these studies, we used in vitro generated STBM as well as placentally derived IL-8. We observed that these agents efficiently induced NETs in isolated neutrophils (Fig. 2) and that, furthermore, STBM could be seen clearly trapped in these extracellular DNA lattices. An examination of placental cryosections indicated that large numbers of NETs were present directly in the intervillous space of preeclamptic placentae, in stark contrast to the few neutrophil NETs observed in normal placentae (Fig. 2) .
As these NETs are capable of trapping large bacteria (S. aureus) [73] , it is possible that, when they are present in large numbers, they will hinder the flow of blood through the intervillous space. In this manner, NETs could contribute to the condition of oxidative stress thought to occur in preeclampsia [9] .
MIF: another immune-modulator important in pregnancy?
Macrophage migration inhibition factor (MIF) was described almost 40 years ago as a T cell soluble factor which inhibited macrophage migration [75] . Since then, MIF has been shown to be expressed by several other cell types, including macrophages, neutrophils, anterior pituitary cells and bronchial alveolar cells [76] . Of particular interest was a report on the presence of MIF in the anterior chamber of the eye, where it was shown to hinder the Fig. 3 Expression of MIF in amnion and placenta MIF expression in amnion epithelium. MIF expression in multinucleate trophoblast giant cells in the chorionic plate chemotaxis of neutrophils and macrophages, to suppress T-and B-cell proliferation in vitro and also to prevent the activation and lytic activity of CD8+ T cells and NK cells [77] .
As both the anterior chamber of the eye and placenta are examples of immune privileged tissues, in which inflammatory immune reactions are generally suppressed [78] , we were interested to examine whether MIF may also play a similar role in the placenta. Our studies indicated that MIF is expressed in placental tissues, being produced in both the fetal and maternal compartments of the placenta, as shown by the intense staining observed in the amnion epithelium, extravillous cytotrophoblast giant cells in the chorionic plate, and in the invasive extravillous trophoblast located in the decidua (Fig. 3) . This implies that MIF may play an important role in these tissues. Although it has recently been reported that circulatory MIF concentrations are elevated under conditions of preeclampsia [79] , we could not confirm this finding in a study with a larger cohort [80] . Although MIF clearly influences the behaviour of T and NK cells in the eye, its role in the placenta may be different and, in this case, may rely more on its ability to promote neovascularisation, which is certainly of importance for efficient placentation.
Therapeutic possibilities
Therapeutic interventions are particularly difficult in pregnancy as there is a constant danger of congenital birth defects. Therapeutic efforts are further hampered by the lack of screening tools to reliably identify pregnant women at risk for certain pregnancy-related disorders such as preeclampsia, which develops many weeks after the occurrence of the initiating placental lesion [4, 5, 81] . Clinicians are only consequently presented with these cases once the maternal symptoms have become manifest and are left with few alternatives other than delivering a premature baby in the severe cases. Another problem is the multi-factorial nature of pregnancy-related disorders, such as RFL or preeclampsia, which makes it difficult to develop a single therapeutic strategy.
Current therapies for RFL in association with aPL antibodies rely on treatment with heparin and aspirin, which can have a success rate of up to 70% [2] . It is interesting that recent in vitro or murine studies are starting to elucidate the pathways by which heparin acts under these conditions [22, 27] . Although the use of other anti-inflammatory agents and anti-TNFα strategies is being discussed [28] , no clinical studies reporting on the efficacy of such planned approaches exist. The potential effect of such therapies on fetal development need careful appraisal.
Treatment with intravenous immunoglobulin, although promising in certain studies [82] , needs to be confirmed in large-scale studies. The putative desensitisation of the maternal immune system with paternal antigens appears to be entering a renaissance after having lost much credibility previously [83, 84] .
For cases of RFL without aPL antibodies, the treatment is more problematic, and a Cochrane review does not recommend conventional heparin/aspirin treatment [85] . For those cases where a chromosomal anomaly is suspected, the use of preimplantation genetic diagnosis of IVF-generated embryos is recommended [86] .
The treatment of preeclampsia remains more problematic due to the lack of an effective tool to identify at-risk pregnancies [87] . Although several small-scale studies have indicated that the use of anti-inflammatory agents (aspirin) or anti-oxidants (vitamin C and E) may be beneficial if given early in pregnancy before the onset of symptoms, this remains to be confirmed in large-scale analyses [88] .
In those cases where preeclampsia symptoms have become manifest, the use of conservative treatment strategies with anti-hypertensive drugs such as ketanserin, although beneficial under certain conditions [89] , remains contentious with some indications existing that these are not useful in cases with severe early-onset preeclampsia [90] .
Effective treatment awaits a better understanding of the underlying chain of events leading to the development of either RFL or preeclampsia and, perhaps, of the steps linking these two disorders.
Conclusions
This review has attempted to describe the complex immune interactions occurring during pregnancy and how aberrations in these networks can contribute to severe pregnancy-related disorders such as preeclampsia or even to fetal loss. We have also tried to underscore that these two separate disorders may have common underlying aetiologies and that there may even be a continuum between RLF and preeclampsia. Investigations in this field have yielded several surprises, ranging from aPL antibodies acting via the complement system and TNFα to the new proposal that uNK cells may not act in a cytolytic manner but rather may serve to promote efficient vascularisation, spiral artery modification and placentation. The fact that T cells can be incapacitated by simple biochemical deprivation of an essential amino acid was also certainly surprising. The role of IDO in pregnancy-related disorders, however, needs to be clearly demonstrated. Our own observation concerning the presence of NETs in preeclampsia, which awaits independent verification, may provide new insights into inflammation and placental oxidative stress. It seems appropriate to close with a quotation by Sir Peter Medawar, the first to address the immune riddle of pregnancy, who so clearly stated: "The human mind treats a new idea the way the body treats a strange protein; it rejects it."
